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ABSTRACT

The Forest Stand Generator, STAG, is a miu:rucumputnr—hasn& program
that uses statistical routines to produce a projection set composed of
individual tree measurements of diameter at 4.5 feet above ground
icalled the diameter at breast height or DBH). total height, heighi-to-
crown base, species, and tree expansion factor. When data seis are nog
complete, STAG can be used to produce a projection set for a wide class
of inventory procedures. The anthors will discuss the estimation proce-
dirres used by STAG 1o (1) fill in missing measurements of tree height,
height-to-crown base, or both; (2) generate stands from summary
statistics; and (3) convert stand table data—numbers of trees by DNBH
classes and species—io individual tree records, so that these projection
sets, composed of complete individual tree records, can be analveed by
the California Conifer Timber Output Simulator (CACTOS ) for simula-
tion of tree growth and mortalitg, even though the initial data sets conld
not have been used with CACTOS. Also discussed are the predictive
equations and analytic procedures used to produce a projection set for
these three categories of data availability. Recommended uses of STAG
and the type of data required Tor acourate developmeni of projection
Bels are Prl.'!il."nll'.d..
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The Predictive Models and Procedures
Used in the Forest Stand Generator (STAG)!

INTRODUCTION

The interior forests of northern California are typically composed of mixed
conifer species of multiple ages and sizes. Inventory procedures for these lands
are varied, as s true in the rest of the United States. This work addresses three
commaon inventory procedures. One typical procedure is 1o measure diameters
at breast height (DBH) and 1o subsample ree heights (H) and heights-tocrown
base (HCB). This procedure yields what can be considered a missing data case,
Another common procedure is to record the number of ees by diameter classes.
This yields stand tably data, which are a discrete approximation of the continuous
diameter distribution. In some cases only sland susmmary statistics are recorded,
such as the basal area per acre (basal area is the cvosssectional arvea of trees
measured al 4.5 feet above groumd incsquare feel on g per acre basis) and number
of trees per acre. For summary statistics no individual wee information s
recorded, just overall stand parameters,

A common use of inventory data is 1o simulare the furure growth and yield
of the stands from which the data were derived. Our goal is to ensure that the
three forms of inventory data listed above can be made to conform to the
requirements of the California Conifer Timber Ouiput Simulator, known as
CACTOS (Wensel, Daugherty, and Meerschaert 1986; Wensel, Meerschaert, and
Biging 1987, Wensel and Biging, 1987). CACTOS simulates the growth and
development of individual trees and requires that species, DBH, H, HCB ar live
crown ratio, and trec expansion factor? be supplied for cach individual wree that
contribates to the stand description. When all these data are present, the stand
description becomes a minimal projection set, which is composed of the individual
tree vecords needed for growth simmlation. To take full advantoge of the simulation
capacity of CACTOS, these varables should be measured for all trees,

When data sets are missing any of the componenis necessary for simulation
purposes, the Forest Stand Generator, STAG? can be used to produce a
projection set for a wide class of inventory procedures (Biging et al, 1995}, This
article discusses the estimation procedures used in STAG w (1) fill in missing
measurements of tree height, beight-to-crown base, or both; {2) penerate stands
from summmry statistics; and (3) convert siand table data—numibers ol trees by
DBH classes and species—to individual trée records, so that these prajection
sets {composed of complete individual tree records) can be analyzed by CACTOS,
We also discuss the predictive equartions and analytic procedures used o produce
a projection set for the three categonies of data availability,

LAccepted for publication Ocrober, 1893,

The crown ratio is the proportion of tree bole length that ocours within the erown of the
tree. The tree expansion factor is the number of trees per scre thal the sample iree
e Tits,

STAG i an acrosym for Forest STAnd Generutor for mixed Conifer Species, copyright €
Rements of the University of Catiforma, 1986-04
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DATA USED FOR
MODEL DEVELOPMENT AND TESTING

Data for this study were provided by the Northern California Forest Yield
Cogperatives Growth and Yield Project. These dats were collécted from 710
permanent plots located throughout ‘the mixed conifer region of northern
California. The variables measured for each ree included species, DBH, H, and
HCRB. The permanent plots were established in 1978-7% and a fiveyear ne-
measurement was made in 198584, These plots were typically % acre in size and
contiined subplots used 10 measure submerchantable trees. Usually trees greater
than 110 inches in DBH were measured on the full plol. Trees between 5.5 and
11.0 inchies in DBH wete measured on'a ¥, acre subplot, and irees between 1.5
and 5.3 Inches in PBH were measured on'a :fu acre subplot. There were some
variations in the class limits, depending on the company collecting the data. The
fivesyear remeasurement data were used for the models developed in later sections
of this article. Figure 1 shows the locarion of the permanent plots by township
and Appendices A and B provide summary statistics for much of the data used
in this study,

AL A | T
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Figure 1. Location of permanent plots by towaship.
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ESTIMATION PROCEDURES
AND DATA REQUIREMENTS

STAG is a microcomputer-based program that uses statistical routines to
produce a projection set composed of complete individual wree measurements
of DBH, H, HOB, speces; and tree expansion factor. There are three main data
analysis routines in STAG, each with distinet statistical procedures corresponding
to the three different classes of data availubility; Glling in missing data, converting
stand table data, and generating stands from summary statiseics, In this section
we define missing daty estimation technigues for both overstory and undersiary
trees, Overstory trees are those trees greater than a defined threshold value of
either 5.5 ar 11.0 inches in DRH, whercas understory trees are less than or equal
ter the threshold DBH value. The species discussed in this article use the species
codes given in table 1. These species are classified into cight different species
groups during the simulation process, also shown in table 1.

Tamue 1. SPECIES CODES AND NAMES

Spp-
Spp. group
eode  Common mme  abhrew  Sciestibcname o, Spp. group nome
B ponderos pine PP Pinuy proecdiernans (Livws | L ponderosa pine (FPG)
¥ sugur pine s Finus fombertiona (Dough) ¥ sigar pane {5PG)
08 incense cedar 10 Libasedrar decrerpend (Tore) 3 incenss cedar (1G]
4 Douglasfir bF Parudasigr menzseni (Mirh,) Franco 1 Droujglasfir (DFC)
05 whiie fr WF Abde ermeodor (G, aned Glend.) Lindl. 5 white fir (WFG)
W red RF Alser magmerfica (A, Murr ) 0 red fis (RFG)
BT lodgepaole gine LP Firvtie wosstoerter | Diagl,} b PG
06 white: pine Wi Fiirus mendiooli {Dougl) 2 SP
08 Jilrey plee 2 Frries peffied [ Grey & Baill ) | P
I misc conifers CM Hatt, . IR
I chimguopin €H Craxtampre orpsapdyia { Dougl) A DG T ather hurdwonds (CIHG)
f# ek ok T4 (hueronas gy (Mowt. | £ black suk {BOC)
I3 1an oak 0 Lithocarges demsiflorns (Hook, & Ay 7 CHG
14 mise. hordwonds  HM i ¥ CHHG
*The OHG eguatinng weee derived mainly from CH (1) and TO (15).
FILLING IN MISSING DATA

One of the major and most approprinte uses of STAG is to O11 in missing data.
The most reliable use of the missing data routines is in combination with
statistically valid field data plots. Typically, a statistical sample of trees in a stand
type is measured using a series of fixed-area inventory plots of 0.2 or 0.1 acre
in size, and trees on those plots are measured for DBH, H, HCB, species, and
iree expansion [actor. STAG can then be used to [ill in occasional missing data
values or to provide estimates of variables that may have been subsampled, such
as height, It is-also possible o fill in missing daw values for wees measured on
varinhle-radiug (prism) plots. This is not recommended if the data are bemng
prepared for CACTOS, because varable-radius plots typically sample relatively
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few trees (4 to 8) at'a sample location, compared with fixed-radius plots. It is
generally rue that DBHs measured on fixed-area plots provide berter approsxima-
tions to diameter distributions than DBHs measured on prism plots, because
in the former more trees are sampled. With variableradius plots, trees are selected
with probability proportiomal to size, and hence larger trees (the trees with
greater volume) are more frequently selected, Variable-radius plots are efficient
for estimating volume but not for representing the total diameter distribution
by species of trees in the stand,

In addition, in prism sampling it is common to measure the DBHs of the
sampled trees, but none or few of the sampled trees are acrually measured for
H or HCB. If missing values are filled in on prism plots, where, say, only DBHs
and species have been recorded, the utility of these data for simulation is difficult
1o assess. Because of these problems, using filled-in data from variable-radius
plots for simulation in CACTOS may result in less accurate porirayals of actual
stand conditions, and thus yield poorer forecasts than those obtained using fixed-
area sample data,

One way to overcome (he disadvantages of variablecradius plots for which few
tree attributes are measured is to take enough vanable-radivs plots o ensure that
they provide a good approximation of the tue dismeter disibutions for the species
present in the stand, The prism plot stand descriptions should be averaged (using
the stand description averager (Meerschaert and Wensel (1987)) and then STAG
can be wsed to fill in missing data for the average stand description or the
distributional apportionment routines in STAG can be used 1o convert diameter
class data to pseudo-individual tree data. It |E also a gﬂud idea to supplement the
prism plots with small fixed area plots {e.g. leth ar ¥pth ac) located af the éenter
of each prism plot 1o better estimate regeneration and small tree frequency.

Estimating Total Height

STAG can be used to fill in tree heights or heightstocrown base, when ane
or hath are missing, provided that the species, DBH, and expansion factors exist
for all trees on the plot, Models 1 and 2 are used o estimate missing heights
for overstory (> 5.5 inches DBH) and understory wees (£ 5.5 Inches DBH),
respectively. Heights [or overstory trees whose diameters exceed 5.5 inches are
estimated as o function of DBH, stand basal area, and elevation, as follows:

Flo  =ba+ by % DBH + by X VBAg + by % E2 i1

where Hy = the estimated total height (ft) for overstory (o) trees
BAs = the stand basal area (ft%) in trees greater than 5.5 inches in DBH
DBH = tree diameter at breast height (DBH > 5.5 in)

E = stand elevation in feel.

The coefficients by, by, by, and by were estimated for species groups 1 through
8 (sec table 1) and an allspecies-combined category. Sample sizes for each species
group ranged Irom a low of 340 observations for black oak to over 4.000
observations for ponderosa pine and whire fie. All standard ecrors of prediction
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TaviLe 2 COEFFICIENTS AND FIT STATISTICS
FOR THE TOTAL HEIGHT MODEL | FOR OVERSTORY TREES*

Species group
and number . Y n by by by L™
PG (1] 19144 4,173 -3H.673 27.073 1808 = sl
) (1,254} (0,230 (0,064} (5% 107%
PG (2] 11.21% 11 —B6.456 ¥R A0H 0n.%a9 =% 107
) (2.085) (0-353) (0L 106) (6 x 10
G (43 94006 2,260 =PH. 246 . 0,704 6% 1077
(1.202) (RL2a1) ([LOGS) (3% 10
DFL [4] 1 1.A85 2458 =4 5860 27.400 1.446 R L
(1482} (0.3405) (0.084) (4 10
WG |A] 10,706 5,167 —4147 A58 (L824 =4 = 16T
(1.018) (0. 186y (0048} (2% 10-%
RFC [B] 11597 501 =36,656 28,605 1,005 S
{3.722) (0L.558) (0,163 (8 = 105
OHG [7] 15218 278 =38 741 16614 2.621 4]
(5.679) {1270y {0217 {0}
PO [8] 14.421 40 —2.586 13297 1718 =
{4561 ) (010 {0,260) (12 % 109y
All 15465 16,242 -35.361 27607 14038 -6 x 107
{U.6RY) {0,147 (004 (1= 1ir®)

#Sranedard ervors of coeficiems shews parentlietically,

were in the range of 9 to 14 fect. Other model forms that included site index
were evaluated but did not outperform this model. Coefficient values and fit
statistics are presented in table 2,

One model that can be used o predict heights of understory wees is

: flxx — 4.5
H,. BT = ol BV (2]

where H,, =the estimated total heighi (ft) for understory troes with an
overstory (o) present whose diameter is in the range
0'<DBH = 55 inches
Hss = the predicted height (ft) of a 5.5 inch DBH tree from equation 1.

Madel 2 simply constrains the predicted height of understory trees 1o be between
4.5 feet and the height of a 5.5inch DBH wee as predicted by model 1. This
constrained eguation can be selected i the user wants to ensure that the
understory height predictions smoothly. join the overstory equation. This
procedure introduces some bias, which can be seen when inspecting the standard
crror of the regression values for model 2 presented in able 3, The 5. values
for model 2 are considerably larger in 7 out of B cases than those of the
unconstrained understory height prediction model 3 presented below,

When there is no overstory component, the height of the understory rees can
be predicted with equation 3. This equation does not ensure compatibility between
the ewerstory height equation | and the unconstrained understory height prediction
model 3, Recause model 3 s considerably imore precise than model 2, we rec-
ommend its use whether or not an overstory s present, Model 8 is dpecified as
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A, =45+b; ¥ DBH: x elby % £ 13

where 11, =the estimated total height {ft) for an understory tree whose
diameter is in the range 0 = DBH < 5.5 inches with no
e
bybeba = coefficients estimated for each species group

Caoefficients and fit statistics for model 3 are presented in rable 3.

Tanee 3  COEFFICIENTS AND FIT STATISTICS FOR THE HEIGHT OF

UNDERSTORY TREES MODEL 3 WITHOUT AN COVERSTORY COMPONENT®
=—

Species yruup Sya Spx
and mumiber model 3 model 2 n by by by
PRG T 6.102 6.536 La77 He21 11496 —LO g
(0,622} (0035} (00001 )
5PG [2] 4814 5821 225 3913 1.387 {1, EOHI0E
N [LhESY) {0,1885) {000,
100G %] 5436 4:555 6 4896 (ECH <A1 16
(0.AT9) LN [ULLHHILIE
DFE [4] 5761 A 66 Bl H.431 047 =.00071 0
(B0 {0030 {0, LM
WFG 18] 40084 i B.471 4067 1218 —4 (WIS
(0.191) {01 {00001 )
RFG [6] 4404 5294 i1 1550 1.564 i}
{0.557) (0127 )
OHG 7] ]| 7662 76 4. 188 1,080 i
{1,604 {th.259) [
BOXC (8] G485 T.7%0 ) 6556 11RT e LIRS
2 080} (0241) (0,005}
All B.Aa4a0 Lkt ) 0527 TA57 1140 3 UL S
{2243 [LEXEL LR (OO0
*Smandard errors of coelficients shown parentheucally
Estimating Height-to-Crown Base

To estimate height-te-crown base (HCB) for overstory trees with DBHs > 5.5
inches, a model form hased on the logistic equation was chosen so that HCB
wonld be constrained to e between zero and total height. The form of the mode)
selected was

HCBo =H X (1 —c fn t o % In BAg v ey & DRI, 14]

where HCBo = predicted height (ft) 10 the base of the crown for over-
story (o) trees (> 5.5 in DBH)
H = total heighe (ft)
DBH = diameter at breast eight {nearest 0.1 in)
o, €1, €y = coefficients estimated for each species group
BAg is a8 defined in model 1.
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We squared the exponential argument to give positivity, which constrains the
exponent term to be negative, This constraint ensures that the model always
produces a prediction less than the height of the tree. Sample sizes were the
same as in estimating the wtal height model, but standard errors of prediction
were slightly less, ranging bewween 9 and 11 feer. Coefficients and fit stavisties
are presented in table 4.

Tamx & COEFFICIENTS AND FIT STATISTICS FOR THE
HEIGHT-TO-CROWN BASE MODEL 4 FOR OVERSTORY TREES®

Specics group
and number B n & & i

PPG (1] 10.375 4,173 1.027 =0.112 1.945
) {0,055 [ RO [ VD)

SPG (2] 9454 1,070 1.232 0180 .40
) {056} { [Ty (100}

1C6 4] RT3 U ) 1119 007 074
(0055} (010} 07Ty

DFC (41 11140 2,458 1 3649 =0, 162 |.Bas
) (0051} (LAY} (LAY

WFG [5] 10,8586 5,167 1208 ] 1:831
{0L058) { a0y (000

RFG [6] T 1.0RG 501 L450 =LL 1) 1.2
(0.113) IR (0.175)

OHG [T] 4188 *78 1.787 —{L.184 L5835
10,208 [0.035) (L2140}

BOWG (8] 10.315 310 I3ty 135 01.745
{015y (OLuE8) [1an

All 10.580 16,242 1.323 =L 144} 1414
{1,009y {008y {40340

*Sentecdard errors of coefficienis shown parepthetically

The prediction equatian for heighttocrown base (HCB) of understory mees
whien an overstory component (o) is present is

HCH,, sep+ &) X DBH 4¢3 X H+ 63 X Np [5]

where  HGBuo = predicted height (ft) (o the base of the crown for
undderstory trees (< 5.5 in DBH) when an
oversiory (o] is present
H = total height (ft)
M = number of trees per acre with DBIT > 5.5 inches
Ci €y, €y, €3 = coellicients estimated for each species group,

Coefficients and fit statistics for model [5] are presented in Table 5.
For model 5 we abserved that the variance increased with incremsing predic-

tiens of height-to-crown base, We formubited a simple mode] for this relationship
E LY
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Tanve 5  COEFFICIENTS AND FIT STATISTICS FOR THE HEIGHT-TO-CROWN
. BASE MODEL 5 FOR UNDERSTORY TREES WITH AN OVERSTORY COMPONENT™

Species group
and number Sy n cn € cx cn b
PrG 1T 404 1,377 *797 1.737 0. 166 -0.0181 1.3971
(0208} (0110 (0.0 6) {00019 {0 0BEE) |
5PG [2] 3512 T4 4214 it 0.252 —N.0152 L2756
(AT {.342) (0.054) (D.0028) (0.1129)
1CG [8] 50097 Q496 1.764 0.894 0.197 =13, (1549 ! 5468
(0831} (184) (0027 (00011 (0.0E5T)
DFG: 4] 4.75% Q60 1659 2567 0.188 =001 68 2,009
{0807} (0.218) (0.027) {0y ((LEkBER)
WFC [5] S.0401 2470 {1866 1468 0.295 {0199 1.9335
(0268 (A1) (0020)  (00008) (00500
REG [6] 5741 131 9.361 0.437 0.:294 =001 32 .054a1
{1.208) (D.476) (D.08%) {0054 {0.2635)
OHG [7] 5.900 75 0,145 ~{),500 0411 —016% 1.0584
(2.005) {0.500) (i 00H ) {00508y {0.1400)
BOC (/] 4.145 a4 0 A B.516 =0 iy 2 2957
[ i (0044)  (000ED)  (D8T0R)
All 088  BAS 1.99% 1.201 a0 (L5 19789

(0,173 (006T) (0,00} {ChOIE) {0.0547)

“Smndard ermors of eoetficients shuwn parenthetically,

D‘FI.I.! = b X [:I-(_:-Eillb [ﬁ‘]

where HCBi, = predicted heighr (fi) 1o the base of the crown
for the i*" understory ree (2 5.5 in DBH)
when an overstory (o) is present

[ = the varjance arcund the regression of the heigheto-
erown base model 5 for the i™ understory tree (i =1 1o n)
b = a coefficient estimated for each species group.

The estimated values of beta (b) in equation 6 are given in able 5.

The procedure for adding stochastic errors is discussed in a later section,
Briefly, we predict height-to-crown base for understory wees with DBHs € 55
inches using equation 5 or 7, Stochastic errors are then added to the
prediction.

When there i§ no overstory component, we predict the height-to-crown hase
of understary trees with equation 7 as I

HCB,  =by X H'% 4 by X E X DBHM (71
where  HCB, =the predicted height (ft) to the base of the ¢rown for
understory trees (= 5.5 in DBH) with no overstory
present,
by b bty = cocfficients estimated for each species group

Coefficients and fir statistics for model 7 are presented in table 6,
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Tante 6, COEFFICIENTS AND FIT STATISTICS FOR THE HEIGHT-TO-CROWN
BASE MODEL 7 FOR UNDERSTORY TREES WITHOUT AN OVERSTORY COMPONENT™

Species group
and nember Sya n by by [ by
PPGC (1] BE0T 1,877 (964 0,534 000017 [are
(0.321) {0L0R4) (0. R (181
SPG [2) 40048 205 1,40 fh.fit ] ]
(0820) {074} i i)
1o (s LT G 200 1] (003 0,504
{00y i (LR L] (0LCETY
IFLS (4] 4914 L (254 il LM [BU T
(017 (m (OLCHIGTHEY (.95}
W [5] LR $ATY 0615 (ha24 ] ]
(0,047} {0.025) (0} i
RFG [6] 5071 131 1.242 0,635 ] 0
(418) {118y () i
OHG 7] 4909 Th 1.858 0,752 il 0
{00, Ak {0.068) iy 0}
BOG [R] 4,999 M (L0965 0742 ] 0
{0881} {124} U] ()
All 4214 6,397 a1 (LE5 THOMI 1.608
{0, BHD} {104y (0 LHOITEE (0-208)

*Stundard errors of coefficients shown piarenthetically,

It can be seen by comparing 5., in tables 5 and 6 that when we know the sizes
and numbers of trees in the overstory the precision of the height-to-crown base
models increases by about five percent.

With these equations it is possible to fill in or estimate missing values of height
and height-to-crown base for individual trees, The only exogenous variable that
needs to be supplied for each stand s elevation, Basal area (BAg) cin easily be
computed directly by summing the per acre individual tree hasal areas obtained
from the individual tree DBHs and expansion [actors contained in the projection
set file (stand description file). Number of trees (Ng) can easily be caleulated from
the expansion factors associated with individual trees in the projection set file.

Converting Merchantable Height to Total Height

The four different types of wee height measurements allowed in STAG include;
(1) toral heights, (2) heights to a merchamable wp (<€ 6.5 inches dinmeter inside
bark}, (3) heights measured 1o whole (165 ft) logs, or (&) heights measured
to halfl logs (8.25 fi). Within a STAG projection set file, which ls composed of
individual ree measurements, all heights must have the same measurement
standard. CACTOS requires toal heighis for individual trees, bur STAG can
manipulate merchantable height to obtain an estmate of wial height. STAG
tises a taper equation to solve for total height for the six major conifer species
(species group numben 1=6 in table 1) whenever height to a merchantable top
or pumber of 16.5400t logs is supplied!

The height conversion process i nof intended o encowrage the mesmrement of other
than tatal helghts: Rather, iLis intended to allow the use of older inventory data
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We derive total heighe (H) from merchantable height (MH) with a sigmoid
wper equation (Biging 1984), The total heighr estimate obtained from inverting
the taper equation is.

MH x (k)?

i & 8l

{1 — exp[(d/DBH = by) / bal}bs
where H = the predicted total tree height (ft) estimited

from merchantable height

A =1 - exp(—hi/bg)

DBEH = the dinmeter ar breast height {in}

d = the merchantable top diameter (S 6.5 in)

MH = the height to the merchantable top diameter (ft)

exp(x) = 2.71828. ..raised to a power of x

by, b = speciesspecific coeffidents given in table 7.

Coefficients and fit statistics for model 8 taken from Biging (1984) are presented
in table 7,

Tamie 7. COEFFICIENT ESTIMATES BY SPECIES
FOR EQUATION 8 FROM BIGING (1984)

Species and spp. codes n by by

PP [1] 2014 [018589 1. 336666
SP 2] a2 1OGE520 DAIGGSD
1 [3] 541 1071543 DET216T
DF [4] 1,588 L.O20234 03534012
WF [5] 2,640 1092615 11.865995
RF 6] 312 I.¥T6EED) 1353784

If the heighis of wees are entered as the number of logs, the program first
converts them to heights to the given merchantable top nsing equation 9, and
then uses equation 8 to predict total heights. The equation to estimate height to
the merchantable top (MH) when only the mumber of logs is known is given by

F LL

M = [SH +?] + NLOGS > LL (9]
where  MH = the estimated height to the merchantable top diameter (fi)

SH = stump height of the tree = 1.5 feet

EL = log length in feer (16.5 or 825 ft)

NLOGS = the number of logs of length LL for a tree.

Stochastic Errors

The user can either make a deterministic or i stochastic prediction of missing
vitlues when Alling in missing data (height or height-rocrown base) or generaring
starils from stmmmary statistics. Choosing stochastic errors means that o random
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value will be added o the prediction to rveflect that an individual tree's
dimensions cannot be prt.-glict-:.-d with certaint. Thus, a random value will be
added or subtracted from the prediction. For the overstary tree height model
1, the understory tree height model 2, the understory height model with no
overstory component (model 3), the overstory height-tocrown base model 4, and
the understary height-to-crown base model with no everstory component {model
7h a random value is drawn from a normal distribution with mean zero and
variance equal to the estimated variance around the regression (58,). There are
two special casey, Even though equation 2 is a constrained model for which no
statistical model was fit, we caleulated the estimated variance (85,) Trom model
2 1o generate stochastic errors for this understory height equiation. See table
8 for estimated (55,) values for model 2. In the case of the understory height-to-
crown base model 5, the distributional mean 15 zero for random errors, but the
variance is proportional to the predicted heightdtocrown base (see equation B).
If random errors are not requested, then the missing value is set equal to the
model prediction (the deterministic prediction). If random errors ave not added,
all predicted heights and heightto-crawn base values are identical for 4 given
diameter of a particular spedies, given that basal area and elevation are the wime.

Parameter Updating

Il the user wanis o incorporate knowledge of a local sample into the height
model coefficients; a Bayesian update of the first two parameters of height model
1 is possihle. Alternatively, an ad hoc weighting scheme patterned afier the linear
compaosite estimatnis {(Burk, Hansen, and Ek 1982) can be chosen. In both cases,
only the first two parameters (by and by ave allowed o be uptared, because
the effects of elevation (E) and density (BAy) cannot be adequately described
with a loct] sample.

The ad hoc approach adjusts the amount of change to the model parameters
by a constamt ratio (k) between O and 1. A weighy of k = 0 causes 1he updare
routine to abort (no update), while a weight of k = 1 places all the emphasis
on the local sample to determine the coefficient yalues to be used for the height
prediction equations. This ad hoc weighting process is given as

B =KXIx¥p.+{1-K) %Py [10]
A =(bY b)) where b and bY are the updated parameter estimates
where
E  =the ad hoe weight mairix (2 % 2) with diagonal clements
kinsks1
I =anidentity matrix (2 X 2)

Ban = the database mawix estimate of the parameters (2 % 1)
By, = the matnx estimate of the parameters based on the local
sample (2 1)

We modified the wue Bayesian method because in prior work (Van Deusen
1984) we found that it worked poorly. With relatively small sample sizes the
Bayesian update could result in large covariance terms in the local covariance
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matrix, which could cause the updated parameter estimates to behave poorly,
For example, the local parameter estimates could indicate that both the database
slope and intercept coetficients should be increased over their database counter-
parts. A large negative covariance term in the local covariance matix could force
these two coefficients to move in opposite directions, regardless of the fact that
both local parameter estimates were larger than the database estimates. Because
of this, we modified the Bayesian approach and have termed it a pseudo-Bayesian
approach, The main difference between a Bayesian and a pseudo-Bayesian
approach is that for the later we wilize enly the variance terms in the variance-
covariance mairices of the loesl and database samples o avoid problems
associated with the covariance terms,

The psendo-Bayesian approach is more conservative than the ad hoc proce
dure, Tf the Jocal sample is small, then the updated coefficients for the heighi
prediction equation are quite close to the database values. If, however; there is
a large local sample, then the pseudo-Bayesian estimates are a compromise
between the database valies and those determined from the local sample. The
peendo-Bayesian update is given by

B =W B+ {I-W) xBp [11]

where B =] b, bY, | where bl and bf are the updated parameter estimates

1 =an identity matrix (2 X 2)

Bo =the dambase estimate of the parameters (2 % 1}

Bi. = the matrix estimate of the parameters based on the local sample
{2 % 1)

W = the weighting matrix (2 % 2) = (Vi) + Vi) V'

Vi = the disgonal elements of the inverse of the variance matrix
for the database parameters

Vi’ =the diagonal elements of the inverse ol the variance matrix
for the parameters based on the local sample.

Van Deusen (1984) found that if the local estimate 1s-of sufficient size it is often
the best, but when uncertainty exists the ad hoc or pseudo-Bayesian methods
are reliable, with the pseudo-Bayesian being conservative and of low risk,

GENERATING STANDS FROM SUMMARY STATISTICS

In cases wherve no individual ree measurements are available or when only
sunimary statistics are recorded by species, it is possible ro generate a facsimile
description of a stand. This facsimile description still meets the qualifications
of a projection set because it is composed of complete individual tree records
caleulated using summary statistics. With knowledge of the summary startistics
it is possible to generate a diameter distribution, as developed in a later section,
Individual tree diameters can be sampled from this distribution. Tree height and
heighttorcrown base values are estimated from equations. | through 7 o
complete the facsimile projection set.

The goal of this methodology is to prodoce a facsimile projection set of
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complete individual tree records that is plausible given the specified summary
statistics. Users of this technique should be awire that this auy produce highly
variable results, since there is often a wide range of stand compoesitions that will
have similar summary statistics. We have done limited testing of the stand
generation procedures using permanent plot data for mixed-species, multiple-
aged coniferous stands and have found, in these test cases, that the stand
generation produced “reasonable” facsimiles of stands: Because we tested only
a small subser of the possible types of stands that coutd be generated, we cannot
say that this technique generally can be applied with good results. Therefore,
the stand generation technique should be used with great caution. We recom-
mend that this technique be used only as a last resort, not as a matter of course,
There is no replacement for real Reld data,

Generation of Overstory Trees

Overstory trees are defined as those greater than a specified threshold value
{usually 5.5 ar 11.0 in DBH), and understory trees are those at or below the
threshold value. We have developed separate approaches for generating overstory
and understory trees to achieve better acewracy in predicting missing data
vitlues,

The joint distribotion of species, diameter at breast height, total height, and
height-to-crown hase is formmlated as a product of probability density functions
(Van Deusen 1984; Biging and Wensel 1987), This joint probability distribution
for overstory trees can be represented as a mixire of distributions:

S
p(DBHHHCE) = ¥ plspecies) X p(DBH | species) x [12]
species = 1 p(H | species, DBH) > p{HCB | species, DEH, H)

where 5 = the number of species present in the stand,

The joimt probability distribution of diameter at breast height, 1ol height, and
height-to-crown base (p[DBH,H,HCB]) is factored as a product of three
conditional distributions. The first term on the right-hand side is p(species),
which is the fraction of each species in the stand, This is easily specified by
supplying the number of trees per acre by speciesin the hypothetical stand.

The three conditional distributions are for diameter at breast height, total
height, and height-to-crown base. The first of these condinonal dismibutions 1
that of the diameter of a given species (p[DBHIspecies]). The conditional
diameter disribution can be generated {rom either a two-parameter truncated
Weibull or a negative exponential distribution by relating the summary statistics
to the parameters of these disributions. The first two moments of the Weibull
distribution correspond to the average diameter of the species and the squared
quadratic mean diameter of the species, which can be derived from basal area
and number of trees for each species (see equation 16),

We found that the first moment (average diameter for a given species) conld
be accurately predicted as a function of elevation, the quadratic mean stand
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diameter, and numbers of trees In the species. This is discussed more fully in
a [ollowing secton {see equation 15). The user can generate a diameter
distribution for each species having knowledge of only the number of rees and
basal area in cach species: Individital tree DBHs are then randomly generated
using an inverse transformation method for either the two-parameter Weibull
or the negative exponential.

To randomly sample from this distribution we will consider it a probabiliny
density function, compute its associated cumulative distribution funetion, and
finally compute the loverse comulative distribution function from which we may
generate DBHs Since the cumulative disrribution function produces a probabil-
ity, and by definition probabilities are bounded between 0 and 1, we may use
uniformby distriboted random deviates bounded between © and 1 to generate
values for input into the inverse cumulative distribution function.

A second distribution; the negative exponential, was provided for the in-
frequent case in which a balanced, uneven-aged condition exists within a stand.
The details for the procedure of fitting the distribution anda list of the necessary
stund summary statistics are provided inoa later section.

With either the Weibull or negative exponential distribution, only unimodal
distribistions can be generated for & given species. In most cases there are (oo
few trees of o given species to develop more complex distributional models.
However, because we allow cach species to have its own diameter distribution,
it is passible to build multimodal distnbutions for a stand.

Oince the diameters are specified with the diameter disribution, the oversiory
height and heightto-crown base values are predicted with equations | and 4.
The understory height and heightto-crown base are predicted with either
equations 2 and 5, or 3 and 5, or 7. These equations are associated with the
conditional probability distributions of p(Hlspecies, DBH) and p(HCB lspecies,
DB H), respectively. Elevation also needs to be supplied, since it is an
independent variable in height prediction equation 1 and in undersiory height-io-
crown base equation 7. Random stochastic errors distributed as N{0.58,} for
equations 1, 2, 3, and 4 or as N{0,bXHCBi..) for equations 5 and 7 are added
to the predictions if the random ervor feature has been selected.

There are alternatives to the factorization approach utilized in this study. For
example, the joint distribution of diameter, height, and height-te-crown base
could have been modeled as a irivariate distritntion. We did not investigate this
approach because we had relatively few measured trees on each of the re-
measured permanent plots (usually less than 20}, With a factorization approach
there is the additional advaniage that any number of species can be modeled.

Weibull Distribution

The Weibull distribution has been widely used in forestry applications for
describing the diameter distriburions of stands, This use stems both from the
Weibull's shape and the case of estimating parameters, We chose a runcated
Weibull becanse we improved our ability to model diameter distributions by
breaking the stand into overstory (DBH > 55 in) and understory components
(< DBH < 5.5 in}. The three-parameter Weitmll may be reduced o the two-
parameler Weibull since the location parameter, typically ealled a, s zero, The
twerparameter truncated Weibull density function is given as (Van Deusen 1984)
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c-
£(x) =H * H x e [(TF=%) X 1] [18]
b b
where:  [(x) = [requency of trees in diameter class x
X = midpoint DBH of diameter class; x 2T
T = truncation DBH (5.5 in)
band ¢ =parameters > (0.
Deriving the b and ¢ coefficients

To specify a purticular distribution froan this Weibull family, we need o defineg
ithe b and ¢ parameters. The moment equation for the two-parameter truncated
Weibull is:given as

T
Ex' = bl T/hit s Tirferl)—cxbfredx | greed we= wedy | [14]
0
where Ex' = the expectation of the ™ moment of x or DBH

[Cirfe+l) = the gamma function of (1/e+ 1)

The hrst and second moments are used to simultaneously solve for the b and
¢ parameters: 1t is known from Cauchy's inequality that the arithmetic mean must
be less thun or equal to the quadratic mean stand diameter; which is the square
root of equation 16, The arithmetic mean stand diameter is predicted as 2
fraction of the gquadreatic mean stand diameter, where the fraction is constrained
tiy be less than 1 through use of the logistic function. The arithmetic mean stund
dinmeter is predicted as follows:

(1 = Bo)

I =TIRH = i B
DY = DBRH B + {1+E¢-Bt-a:><!-ﬂ35<lﬂ{ﬁq#'-ﬂﬂﬂa""ﬁs‘fﬁ&'!} = Dq [15]
where DIl = the estimated DBH = the first moment or mean stand

diameter for & given species

ﬁq = quadratic mean diameter of trees for a given species
= 5.5 inches DBH

SNy = number of trees for a given species > 5.5 inches DRI

E = elevation (ft)

Bryeer o By = the coefficients estimated from regression (see table B).

In = logarithm base ¢

Tante 8. COEFFICIENTS AND FIT STATISTICS FOR
MEAN STAND MIAMETER MODEL |5 FOR ALL SPECIES{ 1-8) COMRINED=

Number
of plots  MSE [ B Ba Pa fa By

2,078 (.36% 076637 -|L126RY 000018 LE 615405  BaSlafl
(024924} (G.OBGIGY  (DO0O0H) (181558} (309R34) (20.61430)

*Standard errors of coefficients shown parenthoweably
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The second moment is the squared quadratic mean stand diameter, which s
given by definition as

pin =]'i!1=leDEH_IE T i [16]
n K * SNg
where nE = the estimated second moment or squared quadratic

mean stand diameter (D7) of a given species

n = the number of trees on a plot

K = (L5454, which is a conversion factor for diameter
in square inches to basal area in square feet

SBAg = basal area of trees for a given species > 5.5 inches DBEH

SNy = number of trees for a given species > 5.5 inches DBH.

The absolute difference between the two moments given above and the
predicted moments given an estimated b and ¢ provides an overall ervor figure,
This Rgure is required to be less than 5 percent (E%) of the respective moments,
The square-root transform is wsed on the second moment, 80 that it can be put
inter the same metvic as the (irg moment The ervor formila is

E% % DU + E% x VDI

E = [17]
2
where E = the average error between predicied and observed
mioments (inches)
E% = the percent error allowed in estimating the moment

D, DE = a5 defined above,

Using ponderosa pine as an example, if the species basal area were given as 150
ft? and the species number of trees per acre given as 300, then the maximum
allowable error in finding the Weibull parameters would be

E (0.05 X 9.01 + 0.05 X V91.68)
2

= 146 inches

where 9,01 is DY and 91,68 is D, When estimates of b and ¢ are obtained,
then predicted values of DY and D'*) are obtained and summed as

| a1 — DI |+ V19168 - D |

2

E

where DY and D are the predicted first and second moment, respectively. If
E is Jess than E, then the estimates of b and ¢ are close enough and the procedire
stops; otherwise, mew estimates of the parameters are calculated and the process
is repeated.
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To begin the algorithm for determining the coefficients, two predictive
equations are used to provide starting values for the parameters, These equations
were fit using multiple near regression for converged values:

b=—29675 — 0,5438 % DU & 001804 % DI & 00002460 > DI % D%
- 0.01175 X (DIV)? = 0.000001542 (D)2

¢ = exp(-0.7970 - 06518 X b + 0.2501 x £ - 0,6576 X D) x b+ 0.001782
% DU X 6+ 1.0459 % DO = 0006255 % DA ~ 0.00175 x DI x D
+ 04085 % (DI}

Mext, Powell's method is used to minimize E. If Powell's method fails o
converge within 12 iterations, then a grid search is used to minimize E. Powell's
method is much faster than a grid search and is quick to converge for most stanids
with mean stand diameters of about 6 inches DBH and above.

The grid search algorithm begins by searching for the minimum error over
a course grid (increment of 0.3) with respect o b and &. This course grid search
is accelerated by retrieving the D" and If:: ! estimmates from two binary files. Next,
the range of the parameters is reduced to be around the minimum found in
the course grid search, the increments for b and § are reduced 1o a third of
their previous value, and a fner search is performed, Up to 10 iterations of
increasingly finer grid searches are performed. A4 with Powell's method, the
convergence criteria is that E be less than E. Once the grid search converges,
a fine tuning is performed where b and & are adjusted slightly, so that the relative
crror in estimating the first moment is approximarely the same as that of the
sccond moment.

Estimating DBHs

The dervation for the imverse cumulatve disribution function of the truncated
two-parameter Weibull is as follows. The probability deasity anction is integrated
from the lower truncation point (T) to the diameter of interest (x):

4
Frix} = . b] o

where Fr(x} = the comulative proporrion of trees between the lower
truneation point (T) and the specified upper diameter (x)
with 0 € Fr{xi<]
band c = estimated constants,

L&

o=t
E] x el TV X gp = [100/M xeta/bi) [18]

This provides the cumulative proportion of trees up to the diameter of interest,
Generating a uniform random number between 0 and 1 gives us a value for
Fy(x); we may then solve for the DBH by inverting equation 18 as follows:

DBH =b % [{T/b)* = log. (1 =Fyfx)) )¢ [19]
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By generating a uniform random number (Fplx)), we can use the inverse
rransform of the cumulative distribution finction o estimate diameters al breas
height using equation 19,

Negative Exponential Distribution

The diamerer distributions of balanced uneven-aged stands (Meyer 1952) are
often characterized as being distributed according to the negative exponential
distribution. A typical method for applying the distribution to 4 stand is with
the diminution quotient or Q value (Husch, Miller, and Beers 1982; Davis and
Johnson 1987). To obtain the number of trees in the next to the argest diameter
class, we would simply multiply Q by the number of trees bn the targest diameter
class. Thus, for the next smallest diamerer class, wie would multiply € times the
number of trees in the next largest diameter class or QF times the pumber of
trees in the largest dinmerer class. To compute the pumber of rees in each
diameter class, we need to specify 0, » range of tree diameters, their diameter
class (= 1 in), and the number of trees in the largest diameter class, Unlike with
the runcated Weibull distribution, we use the negative exponential distribution
to simultaneously generate both overstory and understory trees,

The negative exponential funcrion that is vsed to describe the disuibution
of numbers of trees by diameter class is given as follows:

EE =k e % IG lm]
where SN = the estimated number of trees of a given species in
it diameter class (i=1,...,n)
DG = the i diameter class
aind k. =coefficients.

To specify the distribution we need to define k and a, which can be done by
using (, 4 value that may be more meaningful to a manager than the a and
k cocificients of the negative exponential lunction.

Deriving the a and k coefficients

The coefficient a is derived from the definition of C:

§ﬁ|_|..4 | o
p. —

S_-N-; = kX :—hﬁmﬁ“

Q

where () = the estimated diminution quotient
SNoy = the estimated mumber of trees for a species in the
next to the largest diameter class
SN, = the estimated number of trees for a species in the

largest diameter class
DG = the next to the largest diameter class of a given species
DG = the largest diameter class of a given specics
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L& = the size in inches (width) of the dinneter class of a given
species that equals DC, = DG,

Solving fdr awe get

fog. &
C

[22]

Since we know the number of trees in the largest diameter cluss (SN, and the
a parameter, we may solve for k using the negative exponential equation

i-—gﬁ" (23]
DGy

When  and SN, are known; we can estimate the a and k parameters needed
for the pegative exponential distribution in equation 20,

Calculations when Q or SN, is unknown

If either Q or SN, is unknown, then the basal area for the species on the plot
(SBA) is used to compute the missing variable.

If © and species basal area (SBA) are known but SN, is unknown, we iteranvely
solve for SN, using equation 24. In equation 24 species basal area is formulated
as the sum of the number of trees in a diameter class multiplied by the square

of the diameter class,
o

SBA =K X 2{ SN, % DRHT [24]
£~

where SBA = torl basal area for the species on the plot in square [eet
SN; = the estimated number of trees of the specics in the i
diameter class (i=1,..., n}

DBH; = the midpoint DBH of the i diameter cluss in inches
for the species
K = 0005454, which is a conversion Factor for diameter in

stuare inches to basal area in square feet.

To estimnate SNy, from Q and SBA, we initially give SN, a sturting value of 1.
Then if the estimated SBA is less than the specified 5BA, SNy, Is increased by
0,001, or vice versa. Using the new estimate of SN, the procedire is repeated
until the difference between the specified and estimated SBA is less than 1 square
foot.

If @ is unknown, then SBA and SN, must be given. Q is then compured using
an iterative process where Q is inttially set to 1,1, The number of trees in cach
diameter class i of a given species is estimated by
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SN, =S8N, x Q! [25]

where = isan index for the i diameter class (1,..., n} ordered trom
smallest to largest, respectively
n « the number of diameter classes,

The SBA is then estimated with equation 24 and compared with the specified
basal area, and the estimate of Q Is incremented identically as the estimated 5N,
is incremented above. The same threshold of 1 square foot of basal area
differcnice between the specified and estimated SBA 15 used as a stopping
criterion.  can then be estimated from equation 21.

Now that all of the necessary mformation is complete, the coefficients for the
negative exponential distribution may be easily computed. The dinmeters are
simulated and written 1o the projection set file, cach with an expansion factor
of 1. The total wree height and heightto-erown base are also estimated, given
the simulated diameter at breast height using equations 1 to 7. The wtal number
ol wees for the species on the plot is rounded to the nearest Integer sa that
all the ees in the completed projection set file will have an expansion factor
af 1.

Estimating DBHs
The derivation for the inverse cumulative distribution function of the negative

exponential is as follows. The probability density function is Integrated over the
range of diameters up to the diameter of interest:

RN E - G
FIDBH) =J E T ?‘:fu}l::i_- o [E : ]TmH

m - | m

=-l - ]:-: | @-é*DBH_g-ixiny |26]
Cxi

where F{DBH) =the cumnlative pumber of trees between the minimimm
diameter (m) and the specified upper diameter of
interest (DBH)

fanda = estimated consiants

C
m = D = P with C = the classwidih in mches
DCiin = minimum diameter class in inches.

This provides the cumulative number of trees up to the diameter of interest.
Generating a uniform random number between 0 and 1 and multiplying it by
the total number of trees gives us a value for F{DBH). We may then solve for
the DBH by inverting the above equation, as s seen in equation 27
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Gxa
An(-FOBH) x' T ! + edon)
A

DBH = 1271

Thus, by generating a uniform random number (F(DBH)) we can use the inverse
transform of the cumulative distribution function to estimate diameters at breasg
height.

Generation of Understory Trees

As an adjunct 1o the stand generation techniques (overstory generation}, we
have developed the capahility to generate understory trees. The understory trees
can be between 1.0 and 11.0 inches at DBH. The overstory of rees (measured
or generated) can be used to predict the b and ¢ parameters of the Weibull
needed to generate understory trees. Understary tree height and height-to-crown
base values are estimated from equations 2, 8, 5, and 7 to complete the
understory facsimile projection set. Because stands of trees are often simulated
for over 30 vears with CACTOS, itvis essential to be able to generate an understory
component that mamres with relavvely long simulations. One reason we
separated the overstory and understory components is that there 1s much greater
variability {plot to plot or stand to stand) in the mumber of understory trees than
in the number of overstory trees. Hence, the understory generator is inherently
more imprecise.

A two-parameter Weibull distribution was fit to the understory component (1.0
in < DBH = 11.0 in) for each of the 308 permanent plots for which there were
at least six understory trees present on the plot with a plot average diameter
exceeding 5.5 inches: Six trees was chosen as the minimum number needed for
estimating the two parameters of the Weibull distriburion, although most plots
had many more than six trees. An Tlikinch DBH was chosen as an upper value
tor the distribution rather than a 5.5-inch DBH value to allow for a more regular
distributional form and to increase the number of trees available for modeling
the understory diameter distribution. Even though an npper DBH value of 11.0
inches was chosen, the understory generation can be specified for any range
within these limits. Summary statistics for the understory component of the 308
permanent plots used o model the Weibull diameter distribution are presented
in Appendix B,

We found that the coefficients of the Weibull for the understory could be
predicted as the following functions of overstory parameters;

. b hy X €V,
B = g 56 G e EY [98]
Na DB]'Imm DE]_Imir:
& =cpexples X bz X Notses X YieaX7) |29]

where b = predicted value for b (scale) parameter of two-parameter,
lefi-truncated Weibull
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[+ = predicted value for ¢ (shape) parameter of two-parameter,
left-truncated Weibull
Ng = the mumber of wrees per acre greater than 5.5 inches in DBH

DBHyyp = the minimum diameter measured on a specific plot,
usaally .U ar 2.0 inches

CVy = the coefficient of variation of DBH for trees greater than
5.5 inches DBH
b4 = 0,75 + BAL/BT.056 — STH/ 131.0
BA; = stand basal area in rees greater than 5.5 inches DBH
SDlg = stand density index considering only rees greater than
5.5 inches DBH (cf, Reincke 198%; Avery and Burkharr 198%)
¥ = 0,035 + 1/(h - SDlg)
z =410.0 + 1/[In(b) = In({BAs) ]

By, ..., by = b cocficients estimated fior all species combined
Clyooee €5 = ¢ coefficients estimated for all species combined.

Coefficient values and fit statistics appear in table 9. Due to the great inherent
variability of the understory component, these predictive equations explain a
small but significant portion of the wrml variabiliy. While the predicied
parameters resulting from using these equations will not be very precise, they
are still preferred over using 3 simple average value, In general, predicting the
parameters of a Weibull distribution from stand characteristics, even in sintions
in which there s not a great deal of variation, has proven difficult, and R? values
are typically less than 0.10 (Knochel and Burkhar 1991),

Tane 9, COEFFICIENTS AND FIT STATISTICS
FOR THE UNDERSTORY WEIDULL PARAMETERS OF MODELS 28 ANI 29
FOR ALL SPECIES COMBINED ESTIMATED USING 508 PLOFTS*

Model MSE by by by bs by

[aH] ATI8 154209 i3, 1) =1h0420 0 15R5S LR )
{1.972]) (18,702} (A516T) (003025 {DOTI45)

Model MSE cp €2 @ L= s €

[aa] 4691 O57TIR 31115 0.51885 20000 ~1B.8i8] 40601 % IiFE
(pesasqt  ngosT)  (oassoop (i (B.652T) (19817 = 1075

*Srandard ervors for coeflicients shown parentherically,
TStandard emor for Infr))
Frhe eq parinneter was fised ara value of 200 s henee s ger pandaid error

Specification of total rumbers of understory trees

Even though the b and ¢ parameters of the Weibull distribution can be direcdy
predicted via equations 28 and 29, this distribution gives only the relative
frequency of tree sizes, Therefore, the total number of understory trees st
be specified before the understory can be generated, The total number of
understory (rees can also be predicted from overstory parameters. Predicting
the wotal number of understory rees from overstory parameters is analogous w
predicting the number of ingrowth mees—numbers of trees that will reach some



HILOAKRINA » Vol 67 = Mo [ % Nodesbir [US Fa

minimum surveyed size in & specified time—with some abvious differences. They
are similar in that both invalve only use of overstory conditions to estimate the
conditinn of the understory, The prediction of ingrowth numbers is arguably
more well defined than the prediction of total understory numbers, in the sense
that one particular size class is under scrutiny, while predicting understory
numbers may involve a broad spectrum of size classes. On the other hand,
estimates of ingrowth are further complicated by an implied growth rate of trees
whose exact stzes are unknown, while estimates of the ol number of undersiory
trees represent & static depiction of the smnd at one mstant in time, Boih
estimation problems are complicated by the fact that stands corrently with stmilar
overstory conditions may have had dissimilar histories, which may result in
dissitnifar understory conditions.

Models frequently used to predict Ingrowth have been reviewed by Shifley
{1990). Typically, variables important to the prediction of ingrowth Imvolve stand
density measures such as basal area per acre, number of trees per acre, percent
stocking, and sum of diameters per acre. These variables also affect growth rates
of individual rees; so their superioriry in predicting ingrowth is somewhut 1o
he expected, One might also expect that additional vuriables may be required
ta predict ol number of understory trees due to the previously noted
differences between these two estimation prablems.

A useful approach to modeling the number of understory trees was found by
viewing the problem as the specification of total stand structore based on what
was found in the overstory portion only. This led o the invesdgation of several
stand structure variables. Shifley and Lentz (19857 pointed out that the ratio
of the mean DBIT 1o the standard deviation of DBH was a valuable index to
the ¢, or shape, parameter in the Weibull distribution. Miller and Weiner (1989)
and Knox, Peet, and Christensen (1989) found rhit the inverse of Shifley’s index,
commonly known as the coefficient of variation, was useful in deseribing size
inecuality, or the degree of size hierarchy development in populations of forest
trees. We found that the ratio of varance of DBH to the mean DBH was a uselul
predictor in our models for estimating total number of understory trees.

A model for predicting the number of understory trees was patterned afier
the ingrowth models of Ek (1974) and Hyink and Moser (1983). The same model
form is used for predicting the mumber of trees between 1.5 and 5.5 inches DBH
(Mg} as for the number of trees between 5.6 inches and 10,5 inches DB (Nyy, )
The predictions for undersiory tree numbers are given by

Nia =exp | b+ by % DSUMYE % Nil+ by % (Rg+ 1.5) X NgM | |30
Moy =exp g+ ¢p 3 DSUMZ %Nl 4¢3 % (Ryy + 1.5) % Ny, | 31)

where Njg = the predicted number of trees per acre with 1.5 in
= DBH£551n
ﬂhll = the predicted number of trecs per acre with 5.5 in
<DBH < 105 in
Ny = the number of wees per acre whose DBH > 5.5 inches
Ny =ihe number of wees per acre whose DBH = 1.5 inches
Ra = the ratio of vartance of DEH to mean DBH for irees
= 5.5 inches
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B = the ratio of variance of DBH to mean DBH for trees

> 10.5 inches
DSUMe = the snm of the diameters for trees whose DBH > 5.5 inches
DSUM = the sum of the diameters for trecs whose DBH > 10.5 inches
byy.... by = b coefficients estimated for each forest type (see wable 10)
Ll i = c coefficients estimated for cach forest type (see table 11).

We found that predictions could be improved through swatification by forest type.
An analysis was performed to see if any of the classes could be combined, but we
[ound that a statistically significant improvement was made by sing separate
coefficients for each major forest type for predicting both Ny and Negy The co-
efficients were therefore estimated by timber type and are given in tables 10 and 11.

Tanie 10, COEFFICIENTS FOR PREIMCTED NUMBER OF UNDERSTORY TREES Niy* | Medel 30)

Number
Timber type Sy of plows by by by by by
Pauglas i EZ8 25 9.015 —0412 1o L0005 Lty
(410 (LLEEE) ) (0L TRO45 (]
Mixed conifer 128.0 L L] 570 =211 (K1} 00110 1.0
(022 (021) i D00NT) ]
Ponderosa pime 1850 59 a8 ={).(hxE I.69] 000306 L
(0L857) (hO0E2) 1.151) (LT (o}
True fir 818 BY 7.1 —[h.266 1 [(RHOEE 1.4
(D.520) (LR i (LO0ET4) i)

*Srandard errors for cocfficients are shown parenthercalby

Tanwe 11, COEFFICIENTS FOR PREDICTED NUMBER OF UNDERSTORY TREES My * (Model 31)

MNumber
Timber type Bia of plo@ [ ©p €y ©y €y
Dougglstir 5.9 25 6,535 -0.189 0993 040228 1.0
(LG2B)  (0.122) (007N (000177)  {0)
Mixed conifier B{L 468 651 1. 146 (! 000245 0870
(D.218) (0018} () (0002R0Y  {0.209)
Ponderosz pine G54 i3 6675 -0.182 1.0 000324 1.4x
(ESZ)  (0.060) (D) (000096 (0)
Tiue fir 3756 a4 7.25% ={1.G626 0836 000008 1.0

(ETE).  (040) (0055 (000101) (D)

*Staridurd evrors for coefficionts arm shown parenthetically

STAG awomancally determines the forest type to which the projection ser
belongs. It uses the classification rules given in table 12,

Tanie 12, CLASSIFICATION RULES FOR FOREST TYPE DETERMINATION
Timber type Definition

Douglastir Dougles-fir makes up 2 80% of the stand basal wrea (BAg or BAg)
Panderosa pine Prmderosa pine makes up = 80% of the stand basal area {BAg ar BA )
True fir Red fir ancl white fir make up 2 BO% of the sind basl area (BAg or BA ;)

Mixed conifer Mo one species (PP, 5P, DF WE RE 1C) exceeds 80% of the stand basal area
(BAq or BA)
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It should be noted that these models are accurate bul not precise, That Is to
say, o large variance is assoclated with these predictions. Standard errors of
prediction {SH]' range from 50 to 185 for N g and 35 o 65 for Ny Therefore,
the user is given two options for specifying the number of understory rees, The
first aption is predicting the number of understory trees by using equations 28
and 29 and either 30 or 81. This predicted number of understory wrees for a
given stand specification is displayed so that the user can either accept the mode]
prediction or specify another value inlieu of the predicted number, This second
option is provided for cases in which the wser has good knowledge of local forest
conditions and reproduction patterns,

Specification of species

Species of the understory can be specified via two options, In the first option,
species compaosition can be specified to follow the database values used for maodel
development in STAG. These rates are given in table 13,

Tatiie 13, PERCENTAGES OF SPECIES BY TIMBER TYPE,
ROUNDED TO THE NEAREST & PERCENT™

Douglas-fir Misxed conifer Ponderosa pine True fir
DHameter range Diameter range [Hameter rangs Diaroeter range
Spp. 16 611 111 -6 610 3-11 -6 611 -1 1-B 1T 1-11
FP a L i i 15 5 &l a5 i
SF ki f i 5
Ic 10 5 5 &l
DF 0 8 0 16

WE 20 0 15 40
RF 0 [ n i

il
5 5 ] 5 5 5

15 n 1] 19 &
15 5 5 3 ] ]
45 oy b I5 75 T 75
il o i i 10 I5

s R BEH

*DF |4 denotes Donglasfir tmber type. The row entries cormesponding to this column show the
percent of species in the Douglasfir timber rypee for trees within the 1- to Ginch DB elass
(1.5 < DEH £ 5.5). Other columns show the percentage of species for o given tfimber type in
the f toll4inch DBH dass, and the 1- to HAnch DBH class, Values of less than § percent have
been deleted, and the other categories within a column ave been proportionally sdjusted and
rounded to the nearest 3 percent,

We were unable to develop meaningful equations for predicting species
compasition related o the overstory composition and size of tees. Because of
this the percentage of trees occurning in each species in the understory can be
specified directly by the user of the program as the second option.

Creating an understory tree list

Because it is possible to generate a large number of understary trees, we use
the following methodology t reduce the number of tree records being written.
For either the predicted or the userspecified number of understory rees (0in
< DBH < minimum [smallest DBH on plot or 11.0'in]) we generate individuoal
tree records with a tree expansion factor of 1. The diameters of these irees are
generated from the Weibull distribution using the equarions for b and ¢ given
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under the heading “Generation of Understary Trees™ (eq. 28 and 29). Tree
heights and heights-tocrown base are determined according to equations 2 or
S and 5 or 7, as described under “Estimaring Total Height and “Estimating
Height-to-Crown Base respectively. Stochastic errors are added according 1o the
methods described under “Stochastic Ervors!”

After the undersiory is developed in thas fashion, the tree records are added
e the existing overstory projection set. If the total number of records exceeds
the recard limit of 500 trees imposed by CACTOS or if the total number of ree
records exceeds some userspecified Hmit (which may be greater or less than
5009, the user is given the option of “compressing” the understory tree list,
Understory tree recopd compression is carried out by averaging those tree vecords
that have similar tree attributes, and then replacing those individual ree reconds
with their average values and an appropriaie expansion factor.

The compression algorithni is implemented as follows, Individual tree records
are grouped into diameter at breast height, total height, and live crown ratio
classes by species, If the first grouping does not sufficiently reduce the number
of understory wee records, successively coarser and coarser clusses are examined
until the number of understory tree records is less than or equal o the number
desired.

The firs grouping uses &inch DBH classes, five dynamically determined height
classes, and five dynamically determined live crown ratio classes. The height and
live crown ratio classes are dynamicully determined, in the sense that the data
determine the class limus and class intervals for each live crown ratio class nested
within height class, where each height class is nested within a DBH class, Thus,
the maximum and minimum heights for the smallest DBH class will generally
be different from those in the largest DBH class. Similarly, the largest and smalless
live crown ratios found in the smallest height class of the smallest DBH class
will geénerally be diffevent from the largest and smallest live crown mtios found
in the largest height class of the smallest DBH class, and so on. We felt that these
nested classes would retain more of the Sindividuality” of each tree record than
woulld nonnested classes,

If the first grouping fails 1o meet the desired number of understory tree
records, the groupings are made successively coarser in the following manner.
First, the number of dynamically determined height classes is reduced 1o three.
If this grouping is unsuccessiul, the number of live crown ratio clisses is reduiced
from Fve o three, also, Next, 1-inch DBH classes are iried, then two height
classes, then two erown rlio classes, then 2-inch DBH classes, As a last resort,
ome oree recond per understory species is atempted, though a compression of
this severity is certainly not recommended if the number of generated understory
tree records far exceeds the number of species.

CONVERTING STAND TABLE DATA
TO AN INDIVIDUAL TREE LIST

If the user is interested only in the number of wees by diameter cliss and
species, ficld data can be collected simply by recording the tree species and
tallying the DBHs into a dianmeter class. A mble of mumbers of trees by dinmeter
class and species produced from this ally is termed a stand mble. However, this
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form of data collection is not comphrensive because it tells us nothing about
the tree heights and crown length or abour ree growth, 1t is a common method
for obtaining field data, bur obviously individoal tree information is lost. Its main
advantage is that, since diameters only have to be crudely approximated, there
are substantial time savings in collecting information. The number of trees in
the diameter classes can be thought of as a discrete approximation to a
continuous diameter distribution. Data for producing a stund table can be
collécted from fixed-nrea (0.2 or 0.1 acre | or variable-radius (prism) plots. Tt
is generally true that DBHs measured on fixed-area plots provide beuer
approximations to dimmeter distributions than DEHs measured on pnism plots
because in the former more trees are sampled. With a varable-radius plot,
typically only four o eight sample trees are measured at 2 sample location, &nd
these trees are selected with probability proportional o size. Hence, larger
trees—the trees with greater volume—are frequently selected with variable-radius
sampling, Variable-radius. plots are efficient for estimating volume but not for
representing the total diameter distribution by species of trees'in the stand.

[n addition, it s common n prism sampling to measure the DBH or DBH
class of the sampled wees, but none or few of the sampled wees are acually
measurad for H oor FCB. If missing values are filled in on prism plots, where,
say, only DBHs and species have been recorded, the ity of these data for
simulation is difficult to assess. Because af these problems, using [illed-n data
from variable radins plots for simulation in CACTOS may resultin less-accurate
portrayals of the actual stand conditions, and as a result yield poorer forecass
than those obtained using fixed area sample data.

One way to overcome the disadvantages of variable-radius plots for which few
trec attributes are measured is to take enough variableradius plots to ensure
that they provide # good approximation 1o the tne diameter distributions for
the species present in the stand. The prism plor stand descriptions should be
averaged (using the stand description averager [Meerschaert and Wensel 1987)
and then STAG can be used to fill in missing data for the average stand
description or the distributional apportionment routines in STAG can be wsed
to convert diameter class data w pseudo-individual tree data, It is also a good
idea to supplement the prism plots with small fixed-area plots (e.g. 4th or
Honth ac) located the center of cach prism plot to better estimate regeneration
and small ree frequency.

Because this technique uses a reduced set of field dam, iv should be more
rcliable than the stand generation rechniques that rely solely on summary
statistics to generate the stand deseription. However, the stand table conversion
techniques should be used more cautiously than the missing data routines, since
they produce a facsimile of a stand given the reduced data sets provided.

The methodology presented in this section to canvert stand table data into
individual tree data to produce a facsimile projection set closely parallels the
technique used for continuous data that was previously described umder the
section entited *"Generating Stands from Surmmary Statistics” We assume that
the distribution of grouped diameters, given the species (p[DBH | species]);
follows a Weibull distribution. The probability of a tree height falling into some
discrete height class; given its specics and DBH class {p[H | species, DBH]), and
the probability of a wree crown falling into some discrete class, given its species,
DBH, and height class (p|HCB | species, DBH, H}), are both hypothesized to
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follow a normal distibution. These assumptions were tested wsing a Kolmoporov—
Smurnov test and found to be acceprable. For further detail, see Van Deusen (1984).

Diameter Distributions

We postulated that the distribution of diameters (or diameter classes) followed
a Weibull distribution, but within o given diameter class we assumed that numbers
of wees followed a uniform distribution, IF diameter classes are not wide, then
this is a plausible assumption. We tested these assumptions on 50 Yeacre plots
(see Van Densen 1984) and found that the simplifying assumption of uniform
distribution of diameters within a diameter class yielded results quite similar to
thar obtained by usng a Weibull distibution for DBH classes when diameter
classes were no larger than 2 inches.

Height Distributions

An average value for height of overstory trees is predicted from equations 1
and 4, or for understory wee height from madels 2 or 3, by using the diameter
class mean value for DBH, The predicted average height is used to locate the
centroid of the height distribution, which is assumed 1o follow a normal
distribution within a diameter class {see figure 2), The variance of the distribution
is then approximated using the variance of the régression of the height prediction
equution. We estimate the proportion of rees to allocate to a specific height
class within a diameter class by determining the percentage of the area under
the curve for each height class. We call this process distributional apportionment
because we allocate {apportion) the number of trees per diameter class over
the height classes using this methodology.

L g g
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Heght ¢lass
Fig. 2. Disritnrional apportionment of stand rable dara.

Height-to-Crown Base Distribution

We assume that the distribution of heights-to-crown base within a given height
and DBH elass follows a normal distribution. We allocate the numbers of trees
into each of the crown classes with the same methodology used for allocating
trees into height classes. The normal curve is first located using the mean height-
tocrown base value from equation 4, or models 5 and 7 for understory tree
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heightto-crown base, assuming the midpoints of the height and diameter class.
The variance of the normal curve is approximated by the variance about the
height-tocrown base predictive model. In the last step, the area under the curve
within cach crown class is calenlated and the mumber in cach height-diameter
cell within the crown class is determined by multiplying these proportions by
the number of trees in a given heighi-diameter class,

This apportioning process caleulates the numbers of trees to place In each
cell of the height-diametercrown categories. We define these cells 1o be either
1- or Z-inch-diameter classes (specified by the user), 10-foot height classes, and
10-foot heightto-crown base classes. Individual rree dimensions (diameter, heighe,
and height-tocrown base) are pgiven an equal probability of occurring at any
location within this three-dimensional cell by drawing random numbers tha
correspond to x5z coordinates in 3D space. Using this procedure we have
developed an individual tree list [rom the original stand table, but they are
prende-individual, in the sense that they have been estimated using the above
procedure rather than measured.

VALIDATING THE DIAMETER DISTRIBUTION
GENERATION PROCEDURE

The procedure was tested on 166 A-acre permanent plots from the Northern
California Forest Yield Cooperative database. Only the Weibull disribuion was
tested, since the stands used for the test are considered generally to be managed
stands and do not usually follow a negative exponential distribution, The second
measurement of these data ocourred in 1984, For the test we used plots from
the southern Cascade region. The accuracy of the procedure for predicting the
number of wees per DB class and the volume per DBH class wis evaluated,
We tised Z-inch DBH classes, beginning at 5.5 inches and going to 49.5 inches
DBH. The error index developed by Reynolds, Burk, and Huang (1988) was wsed
for the test and is given as

k
e =N ¥ E ‘ j:- wix) % dF(x) -j‘llw{'ﬁ} % dF{x) [32]
A |
where e = errar index
N = number of trees per acre

w(x) =weighting factor

f-'l[xj = the cdf of diameters on a plot as predicted from the model

F*{x} =the empirical cdf

dF(x) =the differential of the cdf (empirical or predicted) with
respect to X (diameter)

k = the number of DBH classes

| = the j* DBH class.

As the muthors of the index point out, a good fir in one diameter class does
not offsel a poor fit in another. The error index provides a means for comparing



Al Hrgimg, Bodverels, Therraddion, sl Virn Dieviven: Bl itand pesivator,

the overall fit of & model to another model, but the individual cells (DBH, species
classes) must be examined to determine where a partenlar maodel frs
adequately,

We performed two sets of analysis. In the first we computed the error index
of an “sverage stand” The avernge stand is the stand table produced by averaging
all of the 166 stand tables associated with each of these plots. We judged our
ahility to produce a tree diameter distribution by seeing how sccurately the
number of trees in various diameter classes is predicted for this average stand,
We also judged how well our diameter distribution models work by comparing
the volumes (Biging 1983) predicied for each diameter class with the average
volume computed from the 166 test plots. In the second analysis we presented
results: that show the average of the emor indices computed for each plo
individually.

The results for the average siand are shown in tables 14 and 15. Table 14 shows
the “misclassification” by species and DBH class for the average of the 166 plots,
By misclassification we mean the signed values caleulated from differencing the
predicted number of trees (or volumes) from the actual number of trees (o
volumes) in each diameter class. The sum of the absolute valies (predicted minus
observed, sce equation %2) is used by Reynolds, Burk, and Huang (1988) 1o
calculate the error index. Thus, for ponderosa pine in the 8.5inch DBH class,
this model underpredicted by twe trees {see table 14),

In the right margin of table 14 the error indices are listed by species. The
indices' magnitude carresponds, relatively, to the abundance of the tees on the
plots, In other words, the more trees there are, the greater the error, The bottom
margin is the average misclassification across species for 2 particular DBH class.
Thus; we see on average an underprediction for the 6.5 to 8.5-inch DBH classes
and an overpredicton in the 105 to 12.5-nch DBH dlasses. There are on average
only slight underpredicuons for the 185~ ro 26.5-inch DBH classes. The lower
night cell of table 14 provides the overall error index for this “wermged” plot,
which is a value of 68,

Another statistic we computed was the average plot emov index with it
associated standard errors, The average was 358 and the standard error was 11.8.
The average is quite large and shows the difficulty of prediciing the diameter
distribution for a partictlar plot The ércor index in table 14 i much smialler
(68) because we are averaging the plots and then computing the errors, as
opposed to an average error index value (358.13) caleulated as the average of
the individual plot error indices.

Table 15 provides the same type of information as tble 14 In able 15 the
error index is weighted by board foot volome, whereasin tahle 14 the error index
is weighted by mimbers of trees. [n table 15 we sce that volumes are on average
slightly underpredicied for the 6.5 to 8.5-inch diameter class, Volumes arc
overpredicted in the 10.5- 1o 18.5inch diameter class, underpredicied in the 20,5
to 28.5-inch diameter class, and overpredicted in the 30.5-inch and 32.5inch
and greater diameter classes,

[n wable 14 we reported that on average the models underpredicted by two
or three trees in the 18.5- to 26.5-inch diameter class. Because trees In this size
range average around 200 to 500 board feet, it is not surprising that in table
15 we find that the misclassification index for diameter classes in this range vanes
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trom an overprediction of 516 board feet to an underprediction of 2,374 board
feet. The average net effect of these over- and underpredictions is a shight
overprediction of 330 board feet. Thus, there appears 1o be no major bias in
volume or numbers of trees associated with producing diameter distributions
using the Weibull generation procedure.

We also computed the average plot error index weighted by volume with its
agsociated standard errors. The average was 44,540 board feet and the standard
error was 3,187 board feet, Aguin, this underscores the difficulty of accurately
predicting the diameter and volume distribution oo any partioular plot.

In another test of this procedure we used the same plots 1o create “known”

Tanne 14, AVERAGE MISCLASSIFICATION INDICES (ACTUAL MINUS FREDICTED)
OF NUMBERS OF TREES PER ACRE BY SPECIES AND DBH CLASSES
AND OVERALL ERROR INDEX OF THE "AVERAGE™ PLOT FROM STAC VERSION 4,29

MisclunsiBeation Index

DBH class 4
Specien

Species 6.5 %5 105 125 145 165 185 205 225 245 265 265 W5 05 evor index
PP $ 2 -4 <5 0 4 0 | I 0 -2 R
s L8 @ 1 6 0 6 o o8 Boa 8 4 2o
I T % 0 0 0 0 o & 6 4 0 W ¢ 8 f2ogm
OF 5 O T T T U A TN TR SR [ SO | AN N A 1
WE G 4 =5 =5 4 i T | | | n 0 1] i} 7028}
RF 0 1] ] ] ] 1] 1] ] ] 0 0 1] 1] oo

% 1 40 41 0 0 2 T 3 1 1 6 & & ¥ (68

*Thir value th the pennltbmute colutmn s the dygned i, while next b it parenthesis s ihe
absolute vale necessary for the computation of the error-index.

Tasrr 15, AVERAGE MISCLASSIFICATION INDICES (ACTUAL MINUS PRETHCTED)
OF BOARD FEET TO A 6INCH TOP PER ACRE BY SFECIES AND DBH CLASSES
FROM STAG YERSION 4.2*

Misclussification Index

DBEH class .
Specn
Species 65 85 105 125 145 165 145 B0.5 225 245 465 25 M5 2325 emor  index

FF 84 9y 0] B A 004 0pR- AIN. 67] IR0 OB <05 -DHA -5TH B4 [BAM)

ar A1 <& - W BRI 6D HS -8R Al 6T 440 M0 {]65])
I T =1 &1 =12 =35 % BT 4 W %0 JE 00 T2 TR AR (HAH)
DF 2] 27 <108 -mE 915 206 200 W 7 5 199 ) -2 =16l <562 (254R)
WF 8 55 -860 716 -G5Y A2 42 30D ARR 203 107 02 -8R B MA6 (5290
RF . 4 44 A4 5T 87 52 0B 06 TR 88 <82 <60 <l 148 (1003

155 59 -f84 -LEOT 1584 3162 516 M0 230 676 1,663 T4 413 =186 <B30 (16.820)

*The value in the penultimare colomn s the signed value, while next fo it parenthests b the
dbsoluie value necessary for the cutpitation of the error index.
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Tanre 16, AVERAGE STAND TABLE BASED ON 166 FERMANENT PLOTS
FROM THE SOUTHERN CASCADE RECION

Dimmeter  Observed  Expected — Observed  Expecied  Observed  Expecied

clams av. immbers @ numbers o height  av height av. HCR ax. HCR
6.5 50.2 2L 5.5 L1 210 16.3
Ba 44,7 85.9 452 454 26.1 213
LN 0.4 45 6.4 LY e 3o 26.3
125 8.9 40,7 65.0 655 BGA 3.5
14.5 05 20.7 2.2 T4 AR5 446
16.5 B8 14,8 BB B1.0 127 B3
18.5 I5.2 125 85,7 74 7 424
.5 133 &0 5.0 5.0 49.0 4215
225 S8 45 a99.1 102 Gl.6 ARl
.5 16 a0 1065 108.3 527 B1.8
6.5 ] L8 13131 1148 k4 55.2
28.5 3.0 LG 116.3 120.0 61.3 BB
305 13 I.0 1200 124.8 b8 BT
a5 0.6 05 119.6 1321 fil.7 5.5
5 ny .4 1852 1365 T6.5 R
365 LK) n3 1219 140.4 G0 713
38.5 LX) 0.2 144 145.8 0.6 G35
405 i1 .l 1852 1673 Th.f: 746
42.5 L8] LA ] 1473 168.8 BiLT 781
415 [LR1] 0.0 - 1703 —_ TH
45 1N 0l 1465 167.8 an.0 Bl
485 . LIRT] — 16494 ~ 854

stand tables. We then used the stand tables 1o apportion the trees over height
and crown classes. The results for the average stand table based on these 166
plots are presented in mble 16. The numbers of rees apportioned inta these
classes corresponded well with the actual numbers observed on the plots, except
for the smallest diameter classes. Predicied heights and predicted heightsto-
crown hase were generilly close to the observed average values. This demonstiates
that stand tables can be generated that on average closely approximate actual
stands. Good judgment should be exercised in using these routines, Real field
data is always preferable to generating stands from summary statistics, Even
though these procedures prodice reasonable facsimiles to real stands, this process
always produces inaccuracies. For a more detiled treatment of this analysis, see
Van Deusen (1984).

DISCUSSION AND RECOMMENDED USES OF STAG

The Forest Stand Generator, STAG, is an important component of a simulation
system for mixed conifer growth and yield projection. STAG was created 1o ensure
that different types of inventory data could be supplemented to produce data
sets suitable for projection in the forest simulator CACTOS, There are different
procedures and analysis routines within STAG for (1) generating missing data,
{(2) converting stnd table data {hppmximntiuns to a dimmeter distribution ), and
{3) transforming swimmary statistics, such as mumber of trees and basal area per
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acre, to a projection set compescd of complete individual tree records for use
in CACTOS. To fill in missing data, STAG uses predictive equations for toral
height (H) and height-to-crown base (HCB) developed from a permanent plot
systemn of over 20,000 trees in northern California. To create & projection set
based only on summary statistics (termed stand genemtion) 4 much more
complicated. To accomplish this, STAG factors the joint distribution lor species,
DBH, H, and HCR into a product of probability density functions, and models
each of these components. The methodology developed for converting stamd
table data closely follows that described for stand generation.

We developed these procedures to increase the availability of data that can
be used with the CACTOS simulation system, not to encourage a shift away from
field data collection. The best and most reliable use of STAG 15 in combination
with statistically valid field data plots {usually measuring DBH, H, HCB, and
species of trees on 0.2- or 0.1-acre field plots) to fill in occasional missing data
values. Even though we have developed stand generation techniques for produc-
ing facsimiles of stands from summary statistics, vsers of this technique should
be aware that this may produce highly variable results. We have done limited
testing of the stand generation procedures using permanent plot data for mixed-
species, multiple-aged coniferous stands, and have found, in these test cases, that
the stand generation produced reasonable facsimiles of stands. Because we tested
anly a small subset of the possible types of stands that could be generated, we
cannot say that this technique can be generally applied with good results, As
such, users should use the stand generation rechnigues with great cantion. We
recommend that stand peneration be used only as a last resort, not as'a matier
of course. Remember that there is no replacement for real field dara. Converting
stand table data to a projection set is a case that is intermediate between Blling
in missing data and stand generation, Stand table data are counts of the munber
of rees by species observed on feld plots that fall within specified diameter
classes. These field data can be collected simply by recording the tree species
and tallying the DBH into a diameter class, However, this form of data collection
is not comphrensive, because it tells us nothing about the tree heights and crown
lengths. This frequency information can be used to approximate a contimuous
dizmeter distribution, and heights and heightsto-crown bases can be generated
to complete the stand description, Because this technique uses a reduced set
of field data, it should be more reliable than the stand generation techniques,
which rely solely on summary statistics lo generate the stand description.
However, the stand table conversion technigques should be used more cautiously
than the missing data routines, since they produce a facsimile of a stand given
the reduced data sets provided.
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APrENDIR A,
SUMMARY STATISTICS FOR FERMANENT PLOT TREE DATA

Bigimg, Rodeirls, Thernddowe, anad Van Diestim oo stasad v

Ponderosa pine n=4.173 trees
Variahle Median Mean Sl devistion  Minimum  Maximum
DEH (in) 129 1412 .58 5.5 5A.8
Total heighi (i) 10 T2HT 27.97 2.0 1840
Hedght-to-crown hease (i) 320 3408 18.21 1.0 145.0
Site index (hy & 50 y13) .0 4,20 17.5] bt i 1500
Elevazion (it} 41000 & 150,00 TBEG.40 B.150.0 T.500.0
Basal area (It) per acre LBOLE 164,42 A28 w5 5327
MNumber of trees per acre 2000 #1643 10064 16,0 5150
Sugar pin= n = 1,070 trees
Variahle Median Menn Sid, devintion  Minimuom Maxirmurm
DEH (in) 141 15.96 B4l 3.5 59.1
Teral height (ft) 71.0 73.49 41,46 15.0 1990
Helght-to-crown base (f) .0 36,91 18.25 |0 1050
Site mdex (he @ 50 yrs) TR0 TOEY 16.30 9.0 15000
Elevation (ft) 46400 456600 73580 LALNG 74H00.0
Basal area (%) per acre 1976 21627 aH,08 Sl 5427
MNumber of trees per siye 88,0 207 HA ), B4 15.0 44900
Incerwe cedar = 2260 trees
DBH. (in) I.a 12,70 6,440 5.5 B7.6
Total height (k) A0 48.19 9217 ) 1] 1820
Height-to-crown hase ([t} 220 25.10 1488 1.0 a5.0
Site inedex (bt & 5 yrs) Fh. Tl 1649 0 LA0.1
Elevarion (Tt) 44200 444300 TER.G0 2.150.0 6400
Basal area (fi%) per scre 2050 #1825 00,05 e 532.7
Mumber of trees per acre 19820 205.21 1.3 18.00 5150
Drouglas-fir n = 3,458 trees
Variable Median Mexn Std. deviation  Minimum  Maximuom
DBH (in) 12.2 1522 53] 5.5 B
Total hetghe (i) 1.0 Ta.549 402 11.0 T4
Heightao-crown base (1) 46,0 4B 6% 18.34 20 126.0
Site ndex (he @ 50 vrs) T Ti.82 1654 6.0 1570
Elevation {ft} 57000 S AR THALM FR TR 58500
Basal arés (%) peracre 1644 16006 72.68 IG5 449
Nuniber of trees per acre 1704 |82 g4 76,04 2000 5150
White fir = 5,167 trees
Variahle Median Mean Std, deviation  Minimum  Maximuom
DBH (in) 1.7 15.0% 617 b5 LK)
Total heighe (11} G110 64,29 2660 Qi 1710
Helghtocrown base () 1.0 4357 17,49 1.0 1140
Site index (hi & 54 yrs} 780 7030 1650 250 1300
Elevation (i) 4 HR00 LBE2OD F5240 97000 7.5H0 1
Basal area (i) per acre 204.0 21182 8391 56 3. - A
Numbier of rees per aoe 1800 2020 an.g92 5.0 5250

(Cmtimueed on neel pags)
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Red fir n =501 trees
Variahle Median Mean Std deviation  Minimum  Maximum
DEH (in} 138 1554 .54 3.5 51.6
Total bselght () G0 70,01 249,09 15.1h 1540
Heighitto-crown base (fr) A240 055 14.65 5.0 w2.0
Siue imilex (he @ 50y 3.0 5,45 1135 H6.0 10
Elevation {ft) 58000 5 HA0,00 547.30 A4,640.0 T.H00L0
Banal areas ([7) per acro 2y 290,00 457 6.6 AZHE
MNumber of trees per acre 17640 155,41 a5 5.0 526.0
Orher hardwoods n= 273 trees
Vuriable Median Mexn Sid. deviation  Minionem Masdmurn
DBH (in} 1.4 lo7a 441 5.5 5.2
Tostal Ieight {ft) 4.0 47.57 11L85 Lo 104.0
Helghe-an-crown base (f1) 4.0 95 95 L8 By 2.0 G40
Site index (he & 50 yrs) LR 78.51 2152 47.0 114.0
Elevation {1t) #,0640.0 377000 TH6.H) Lm0 o500
Baar] avea (B7) por acre 1832 41 J0E. 70 s 4544
Mumber of irees per ncre CHRY 17597 (il Sa.0 #05.0
Black oak n= 30 trees
Variable Median Mean Sidd. devintion  Minimum  Maximuom
DAEH (in) 108 1243 7.0 8.5 527
Totad height (i) §l.5 5255 19:55 1.0 184.0
Heighe-to-crown base {ft) 200 24,75 1302 L0 B2
Siwe index (he € 50 yrs) 0 7683 15.45 57.0 114.9
Elevation {{t) 4180 $ 11800 BOB.T0 2.350.0 5, 7000
Basad aven (ft*} per acre 17265 18E.40 BR.5T 06 424.%
Mumber of trees per aore 1680 18445 TFHT1 16,0 A6

Areesnix B,
SUMMARY STATISTICS FOR PERMANENT PLOT SMALL TREE DATA

All species Tree atatiniics n= 7,157 wees
Variable Mean St deviation  Minimum  Maximum  Median
DREH (in) A3 l.12 1.5 540 320
Toal height (i) 18.656 H00 5.0 a4.00 17.00
Helghraocrmwn base (fi) 10,0 B.55 PR Af00 8.00
Plot statistics n = 308 plots
Bazal soex of all trees < 54" (.84 B. 78 .02 9.2 43
Number of all trees = 5.4" 17608 I RA.00 .00 F A 12000
Elevarion {it) 2,160 g1es 1,519 7,300 4,511
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